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I. A. Introduction

Our knowledge of th¢ distribution of ozone in the

atmosphere is derived large.y from the observations of the

vertical distribution of ozone &t comparatively few and

distribution of ozone w:s 1 .lely usec until recently.
From the Uukcn” methed starlard curves of the vertical

0y
rt
.

. . . - 1
distribution oi ozone

unit arce ware construclted. Th:“. using the obsexrvecd total

>

Al

(

amount of czone at the stai.on ior any given day, i
vertical distribution of ¢ ne Icr the day was read oi:t

n and Rulkarni (1960)

[
v
4

these stendard curves. Rar..naih

have constructed the merilciina. discribution of ozone

using such a technique con t..¢ <o ta obtained at Kocalkanal,
A - ANy Ned ko Qom S e oa s [l N ~ [ o FPRSN £
Poona, Mount A0U, Dn:lnl; >llnazer, Lelano, aArosa, 1I00s0,

e. Alaska. The sodei: of the distribution of

oA Ol o
ana bO.;_.LeD R ;

: y ; S S P T b P = A -
OZCne gl\/@n Dy Ramanathean «..d Xl karnl rrom the eCLu oOr TC

Iy OY L = e o~ - PR - 5 . 1
80N latitude for November :nd July are combinad as shown

-

toc yield a distritution of ozone from one pole

P

'; - . . . 4 -

“Vercical distrivuciin of ozone 1s usually exXpresscd
in Dobson Units: D,U. = 10 “cm of ozone at standard cemper
ture and_pressure. Alsc D.U. = 2.69 x 107" molecules of
5 :



Besgides ¢he

dava

Regener (1954),using an ozo.::

»E£ photographic photometly.

distcribution of ozone at Al
~ions of the exlission ar. ¢
by ozone in the 9.6u baro O

Arizona,

derived the verticdal discz

has

at Liverpool and Malte wi

is very

obtained Dy diiferent melndo.
e - 1a o gmaag ] - -
18T blo:ﬁd,_ CLSCILDULCIChy O«
Very recently Paetzd

. - PO P LR L -
curing the 1.G.Y. with «nn ¢
A S ~ [aa P98 : U RIS

Lour statilons—- Tromsso, W&L

have astructced a meriaLon
rprirg and fall, which Is b

ozone, tne

~

Gstributior of

Leoaciempied until recenoly

Unkel:s ol

loped te measure tho ve

and Goody  and Koacn

made measurements oL b

0

thoc there have been’ Oth~‘_et
cizcl distribution of oxzone
2-scrce based on the principle
vis measured the vertical
scuireee.  Using the oosserva-
sosv.cion of infrared radiation
scein e al. (1956) at Fiagstatif

2ticon of zone. Brewer (;960)
veroical distribution ol czone
. cnemical ozone-scncde. LT
sgher such measurements
;5 and co make a mocdel of the
2O,
1 and Piscalar (19¢6l) using
1cal discribution of ozonté mace
ticel radio ozone-sonda at

:
senau. Leopoldville, ana Denver-
i cisgtribution ol czon& IZoOr
:sented here as Fig. Z.

ne Ugbhservedy
sescuetion of which

mericdion
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Ozone is produced in the carth's atmosphere by the

“stochemical reactions inrduccs by the soiar ultraviolet radia-

go!

tion (Chapman, 1930). Althou,a cthe >“obochbﬂ1cal reactions

to hereafter as phouschenical theory) lead to ‘the

S e -
(vt

0.

erre

Tormation of czone in the UR0.ohere, che observed: "’obaL

¢]

¢lLstribution cf ozone canroc . ccuniecely explained on the

it is in excess of the amc.il. ooserved at the equatorial lati-
- =z - B! = N i e R U S . i RS g A
tutes (Craig, 1930). Photocac.iical theory would ieac To summer

R S, e A D ome e 5 & e e b Y o~ ~1 7 [,
ro<inum and winter minimun ol toZal ozone at all latitudes,

Iiile the observations shew 2 maximum in spring and & minlmum

s + et - P m o gime . T N T QA
in autumn at hich latitudes as shown in Fig. 3 (London, 1962).

Sm21ll seasonal variati

The vertical distribucicr of ozone concentration according
to photochemical theory has a aaiimum at about 30 km height
i the atmosthere, and the sovitica of maximum is higher, the
12y. On the contrary, observatilons
ci. tne vertical distributicn ¢. ozone show that the position

5

imum 1s LSLally lowe:r when the latitude is higaer,

O
Cr
)
()
et
{‘

l;A]



Shotochemical studles w.de by previous investigators, (sce,

.

£ and Deming, 1937; Craiz, 1950; Dutsch, 19556) showed

7.
2.3, Jal :
)
o ; 21 b oA R S ~ - S P, P~ = T A ~ s -
‘qat che halli-life of ozoac .2s oi ctne order of a cay at heighl.

‘sove about 30 km, and that notochemical conditions could pre-
ail above that level. Eowe.er, below that level the produc-
sion of ozone by solar ulirc.iolet rapidly decreased, and any

deparcures from photochemice. egullionrium concdicions could per-

’

s ~ o ~ ~ ey — —~ - - - . b R Y Ay D o~
lransports Ssonie IYom ITeg Lol whore 18 can bé gquilxly Tercried
ORI O T e . .l e D omm o - 1 . P oW e
nigh levels or eguatoric. v ,Ions) TO lower protectec levelis
5 - > - P e ' - g e - 3 - - H Tw i o
where 1t can persist.” e [oriacs commentea tnat L, oL .o LaLs

R b [ AN — P N I -~ - -~ ~ oy~ 3 ~ Sy -~ - LS
inter, whalh ToC CCTOL LoD oL SZCI.e AngTrezses TS -;p.’-‘--}’.
Mo G AN Fiams o e o S
JUTSCO (LYy=3, Z1ilo. [5e QN LICoonoT to 1ntroduce cranges
= — d1,3 - e T R R R e Vol o = mi A QAN
DN OVACIHN S UE Lo ~SAUusScaudsSai. s LU LLeion and O QLoealiy a sea-

>pal variation of ozone os .. funcction of latitude. Craig {(1950)

-smarked that the seasoncl ead latitudinal variations obtainec

to the observed ones, du

K
C
[
ol
]
@]
oy
%
o
3
®
e
[
o)
P
-
ct
f
ot
*_'
~
(1
poes
A
142
P
2]
}.‘
'_\J
a3
H

o7 extremely small amplitucde {(abcul 20 percent of tae observed

_atitudinal amsiitude anc ab:uc S To 10 percent of the cbservecd

From the earlier discus:ion 1t may be seen that Lransport



:y advection and diffusicn o different space and time scales
“lays a significant role in ~rocducing the gecgraphlical distri-
cetion of ozone. AL presaent it is difficult to comsider
:laborately the cifects ¢l ¢ &1l scaie phencmena owing to the
_ack of information on thz r.ture oI hese Iransport process
on small space and time scal. s in the stratosphere.

In this study it is intcnded to compute the photochemical
distribution of ozone, using the bdast available data needed
Zor such computations, as a .[unction of latitude and season.
'Mis is done as a basic scepr celfcore proceeding Lo examine Iae

4= ey

~nfluence of transport proces
The measurements of cort.

clearly an annual cycle ol ta

- 3 e el - . re. -
and the least amounts in sdri
ccrikine contrast between th:
PR B B T P ] T moim o P E
Ll O.LLLAUDEJLLC S LidlD WO al i,

i.oncon (19562). Such mean s¢.
sugzest that the part played
processes in distributing the

could be of paramount imporii..

e55C8

casonal transport proc

ura

r..diatlion, the ultimate <o

is intended to make an exd

o e

probably capable of masking

zes on the distribution oI ozone.
. ozone in the atmosphere show

& ozone variation with the largest
ng end fall respectively. The
meas seasonal ozone amounts in
straced oy Ramanathan -(195%4) and
sona. fezatures OL total ozone

5y ©ae mean seasonal transport

st is under weak solar control,
-c@. This influence of the mean
>n ozone in the lower stratosphere
y The d solar

direct influence o:f

cf czone. Hence in

21irsns on the calculation o



meridional distribution O. ©zCin2 -oduced under steady

U

state condition by transpoilc pPIdCesses and solar radiatlion.
Further, it is'intended to see if such an approach can
explain tne seasonal varicoion of ozoene in th
atmosphere.

Tn this study an at...ipt is made Lo develon the ecua-
tions necessary forY ca.lu ILng <> distribution ci ozone
in the atmos ph e under s:tcady stace conditicns when
Dbotochemlstry is coupled with local change of ozone due
to mean seasonal meridicn . mctions and large sca.c

mixing processes. TFurtaer, the nuuterical procedure TO
13

solve such equations wiil 3¢ ceveloped.

Posing the prod.on 2-wosTaeric ozone as a staacy
stat un

¢ or boundary value nooblen nas a unique advanzage,
hamely it is not necessiiy s <O shecify the initial dig
bution of ozone in the ati.ocsprire tO get a steady state
solution, so that the 5ol .-ion Ls not subject to the
uncertainties of the 21T . cistridution.

e mean seasonas T easnert processes in che strato-

sphere needed for this st..v will be deduced frcm tne recent

j}

ailable observational a-c theorecical informatioa.

A. Razsic photocner:stryv Or OzORE

cicns inv o;ved in producing

£
T
t

{

{
¢}

The oﬂovochcmlc

ce, e.g., Craig

o

~
wm
v

the ozone layer below 50 -m are

Dutsch, 1956):
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D

[

where 0., 0, 05, and M s:tea.

<

molecular oxygzen, ozone anc

of radiation. ¥z (em® molic:
are the ratza coefficients c¢.

The above four reaziil.

A0

L o 2f_ 0. -
- 3T £.0

2Cs =—=£30; + %

N4

(V-

absorbed per second per mole

cm®. Symbol hh is the Prancs

(i

PR

-l

oxygen absoTpt

i
nge banas and re:

(3)

n)y

O . . .
O )0 %, ozone absorption in
v, Husgins and Chappuis bands)

(J [
T" r-l

““‘oo

O for number. of atomic ouyZern,

Cotal aumber of molecules cer

v e i A — T S
$ CCastant and V, the L:\.,LLLC-~\,_/

.05 - K:0,02M - K50,0: (5)

( C.Ce - K50,05 (&)

--& mumser of quanta o enarg

le of oxygen and ozonc.



Under equilibrium concitiols

o/
O

80, = =3 - : Vi
ot Tooot - v ‘ 7
With the above condiition wa nave from (5)

O, = (2£,0; + .04 / (Kz0:M + K503) (8

Substituting for 0, Zymxm (3) into (6) (and neglecting

. . K \ . s e e
J53 in comparison .to ?aogg} we ge: the photochemlcal equili-

«0)

srium ozone, Oze

(97

B. Effects 0of transsort procasses

1. Ceneral consiczyncicns. ne photochemical

cgueations are developed By considering only the solar

!

radiatcion and its direct ialiuence on the atmosphere.

“iowever, if transport proces:c: 3uch as advection anc



and reglons where the photc .

v

constitute sinks ol ozon

Before intraducing tn
into the growth equation fo~
baslc 1deas necessary ¢, s

influence on ozone of an eix.

nolecules of Qy/cm®-sec. 7T
now becomes
0
—3 — =
at —'—L303 - K
Substituting for 0. =
:O_QG = e SN
at - - ISUS -+ tk( Mo

2f7 :cts of transport processes

ozo1le, 1t is intended to develop

2n & stucdy by considering the

:rne. input at the rate of =

quation (7) for ozone

()
<
oF
%)
W

. 320.4 - Kz030, + F (10)

~

foom (3) into (10), we have

(9€6.05 = £.0.)
- I<~ . J‘ \:;~ v N2 : SR + F
DS (l\QOQLl + KgOg)

(L1

We divide the above ecuiation by Ks0zand write Nu* for

rh
[ &1

Now the external innu

Os/cr®-sec and the photocher.

4T the rate of F molecules of

-cal process tend to a new

- 50,

cquilibrium o ozone Oz given by (13), when 5t = 0 ¢




(13)

N, W : : A .. .
%3 >> 1, as was statad ia arriving at equation (9),
33 ' ‘

e can write equation (13) w3

Since

| (14)

NS
Zfaosg - FB‘S - 21@02 > = 0
SE 3

or’

(15)

(@]
]
m
1l
)
23]
-+
[ S
Hd (O
t=h
O
[
g
‘

W

Diitsch (1946) firsi a. .ived at this eguation.
Equation (15) may be transicimed with the help of equation

(1L2) as

Lquation (16) shows that an nout of F molecules of Oz/cm®-sec

es not indefinitely increase the amount of ozone, I[ox

I
O

rr
O
t
£
H
-
fo
[aR
}.J
48]
+
|-!
O
3
®
~
()
H
t
wn
3
O
Qo
il
1
Q
'_ 1
O
&)
o)
7y
o®
uQ
]
O
<t
~
[
8]
O
Fh
O
N
O
8
()
w
(o]

that a new equilibrium is rcuched which 1is

photochemical equilibrium 0., and to the ratio F/2I,0;



3 L T o 7 N PO e~ T - 4 = - 2
Similariy Ffrom (15) i may Iuvriner be 1lnilerred
— . ~ ~ LSl — e - Lo - o~ - b R
that Oz¢ < Oze when F 1o o ailn .. ..owevel, waen o L1s

aegative, a scrutiny of zqu licoun {1¢) shows that there is
no real soluticn for Cyi: il

can be overccme by the ~oilowing physical considerations.

aegative rate of input for teverdping the basic ecuations.

rate of change of ozone

")'

HJowever, in the atmosph

due to advective and diffusive processes results from the

spatial cistribution of ozc-z and the relative intensit ties
of these :transporting agenc.zs. Thus, under equilbrium

conditions, the spatial Ji:z.ribuction assumed by ozone will

szone under steady state thot has [iux divergence at any

soin: in the field over and above photochemical production

a2t that point.

neridional motions. W

-
B
\_‘/
@}
ge]
N
@]
]
w
1)
[oB
t
(0]
t..)
8]
cr
[
O
8]
[
(@]
]
(g
73
(1)

chanzes of ozone due to laf:ﬁ scale diffusion and mean
neridional motions in the ¢ owtl. equation
o take into account the va.iation oI density in tne atmos-

shere we have to choose a property of ozone that is a

‘2%.3, - F) < 0. This condition



Zunction of the atmospheric density. Such a property

of ozone is its mixing ratic

1 o

C. twolecules/cwm?
X = i N
ciy olecules/cm

Thus
0 = MX (17)

Now the rate .at which ozcne increases at an iven
y

s0int per unit volume per uvilt time, due to a velocity W

»-

s given by the equation of continuity fqr ozone.

EB(MYZ‘.‘": . _ 7.(\[«.!\\]) (18)

LA

The subsecript & rzic s ¢ ¢ir motlilons.

components of V along x

(v
i
8}
]

Now let u, v, and w Lo
he east, y the north, and - the vertical directions.
Ixpressing these velocity ciuporents and X in terms ok

cheir mean and turbulent pc "t we have

Vo= W oo WS

(19)



where the time averaged juanctities X, W, . u, V, and w are

defined as

( ) o= T ¢ Yde (20

7-1s a period comparable to :the Length of a season. Thus

[CE SR e SUNIYE 2SO (21)

r_\’/\,r ‘ , Lo - . — . . by N
ey . Ve (i) - WD) - v (X)) - V(YY)

(22
]

Let M = M. Then aver.zinz over time would give

N
OGN ) A T 7
[‘;g‘LJa» = - V(O - VMV
= ST - rmve W o= vMyV)
(23)
~~ N — - e _ _ —
R e, = - UK - XU - M- Vo= V-GRIVT)



Now, from the geuation of centinully we have

Lag = -9V o '
M dt | ' o , (25)
OXER T # MYV W= - (28)
and so , ¥
R e T
[5ta Wev - g v O v ) c (27)

get
o
\,?" — _\;-—\’- — ‘::’- — 5:7 l a —-————l - 5‘ ;
ST = - (uT= - v ws) - oplEeM e s
[OL.Ja ( ox Sy 3z M{BX’“IX ey A
N EV\/"’WH"
v _OZLL“ B
(28)

We further assume zon: . syametry of X and a steady

zonal wind u, and we can recuce eguation (28) to

. 5 A - - 6\5 - :'::7 ]_r 5 e, d / a . ! I-'l
= = - V = = - =i MY — MYy w

- i ( oy 5z’ Yoy v+ g e

-

- 3 .. :
he term - (v E% + w =) in {(29) expresses the local

2

@]
ar

change of X at any given point in the meridional plane due

i~




Lo mean meridional and vertizal mations.

3 T b3 ——t—ts . '
The terms - %; Mx'vl oaad - 3 My'w' in (29) may be

transformed with the help o. the Austausch assumption

(see, for example, Haurwitz.i1941) of diffusion as . *

S L2 \ = S~
o2V L S hky <2
oy oy y
and
__Mxw’) - 2 vk X
' 0z 6z T oz :
(30)
vhere Ky and X, (cm®/sec) ar: the eddy diffusidn coefficien
#long the y andé z cdirecticn:. Upon neglecting the variation

of density, M along y, the _ocal change of ozone ac a given
point due to large scale di. ‘usisn and mean meridiona

woticns may be obtained ro. (29, (30), and (17), as

i - — o= L Lo
oy - oY Y e 0% oV N S
v =1 = - T 4+ W)+ MKy e e T Kz —=%
- 3ca MCv oy i ey oy, ¥y oz~
. 3Kz By Ko L oM 0o .
" %z oz "% M oz 3z
(31)
If we substitute for ¥, in ecuation (13), the local

. dv Ve ; ..
change of ozone Mﬂg%]a from (31) and then divide by

N + NaL¥
Oge + 1D .
(Z2E 2 % )y we obtain

035
0= NS 0 N
3 E AW - - aN
- 28, SR+ 20 (e s Dary L By L g
Ny T VUag Ny - Uzt oL a
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o
i

or .
5 Io (Mv)2 9 G- - 0
- (N.% + ?VI—) TR Ty
3 I\ '>< JAgt

(33)

[

Equation (33) describes the combined effects of the
photochemical and transport Hrocesses under steady state
cohdigions. By solving (33) for § as a function of latitude
and height we .can get the distridution of Y and hence O
in the meridional plane;

» The numerical ﬁetnuds an& boundary conaﬂtlo g neces-
sary to sclve equation (23 ..re discussed in the next sec-
tion.

During the .polar night in the winter hemisphere there
Ls no dissocileation of coxyzer or >zone by radiation. Hence
zae local change of ozone at any »nsint ugder such conditions
7111 De entirely due to Cran:iporl processes. ft is also
>ossible that air motions could transport atomilc oxyger
.ato the polar night. Such :fa;spofted atomic oxygen
could form ozone in the »olar night through reaction {(2).
il2llogg (1961) has demonstrazed by his calculations the -
_mportance of such transnort:d atomic oxygen in heatingz the
~ayers of the atmosphere above 80 km. However, at lower

2vels below abou;.éo km, it is reasonable to assume,

rollowin at O, 1s used up in the T

action

w

~ N\ 1
0), tn

U

~ /.I'\
Lraldg (17

oQ

(2) in situ, so that the 0, transport may be neglected.



A
TI1. Procecure of the i-ve 15372150
A. Discussion of nz lalo sl
It is necessary tc nar: cula oa the solar encrgy
recéived at the top of the wimosnihere, the absorption coef-
ficients of oxygen and cuzono, the temperature and density

distribuc.on in th ~~oTe, and the reaction rate coef-

o
s8]
ct
3!
O
U
g
:
[

ficients K, and K, in order o calculiate the vertical distri-
pution of ozone In the acmoushere.

-~

From the most recent ocke:t measurements of the solar

]
()

spectrum we have now very ro.icble estimates of the encrgy
n the ultraviolet radiacio:. raeczived at the top of the
ztmosphere. The two measurcaents oI the s

o
spectrum, one reported by Soiwiier 2 gl. (1961l) and the

C

other by Hinteregger (iS5.) agzree with one another guite

well. The value of the so..r uvitraviolet energy received
b od - K P R O - .

it the top of the atmosprerc fxcuz 1800 to 2000 A used in

O | ~ 1
etwller T &l.

3
[0}
b ]
ot
1]
O
th
lw}

ihis study are taken from moisurem

3

tsove 2600 & the solar radiciion received at the top of the
tmosphere tabulated by Gast (1530) is adopted. The solar
;oectrum thus constructel is shown in Fig. 5.

using vacuum ultraviolet

O
i

~
3
.

Watanabe et al. (1
_echinique, measured the absc.piion coefficlents of oxyzen
setween 1050 and 1900 &. The absorption coefficients of

oxygen in the Schumann-Runge bands from 1800 to 1900 ]



«re adopted from the measur.uents reported, independernt of
pressure, by these investigicors. However, they point out
that their results show a pra2ssucre variation of the coef-

ficients by a factor of & <¢ 5 in the absorption peaks,

h

-

and 2 to 2 in the absocorption minima. In view of the apparent
sressure dependency of the "observed coefficients" reported
oy them, they remark that ch:ir "data were smoothed somewhat
arbitrarily, i.e., low pressure data were used for maxima,
and high pressure data for ¢ .nima' to obtain absorption
coefficients of oxygen incer.:ncent oI pressure.

: 3

A= . . R s pead
ern (1952) showae that che absorption coefficient

Heilp
>f oxygen 1s pressure dejenc.nit in Zhe region 2100 to 2400 2.
{n his measurements he usca ight different pressures (between

50 and L27 kgms/cm®) to oo in tae runctional form of

~

sressure dependency of tic o tincclon coeificiénts for a

o .1 aaving a composition similar

(=8

rixture of oxygen and n
o ailr. Samples of alr gzavce the same results within the

a1ccuracy of his experimental values. He fitted his results

for the entire region to an zquation of the form

wwaere e(em *) is the extinction coefficient, P, (kgms/cm®)

.3 the partial pressure ol c-~ygen, P.(kgms/cm®) is the



(i

vartial pressure of nitrog

ficlents evaluated by ficcin

Heilpern's investigatc:

of a similar mixture in :he
a 2144 Q sereed wit~ -
an t 2144 3 agreed with t
the whole region 2100 8 o 2
(@
observations at 2144 X, whis
nressure range, this form o
‘in this work to hold good a:

reglon 2100 to 2400 R, The
nressures below 0.2 kgm/cm?®

~.re obtalned by extrapo;at14

help of the above functiora.

The absorption coeliic

2900 to 210C 2, lying beiwe.

studies of VWatanabe et o .,
“ncerpolaticn. The inte:so

yressure in the atmosphere.

The absorption coeff
it sea level presSure is cox
Craig (195

Vassy (1941) determin.c

23T
PNy AV

of ozone from 2020 2 to
& photogr

Ny and Choong's (1933) value

idared 1n

aphic photometric 1

(9]
hn
i

, and €,, ¢y, and €, are coef-

z Thz Cola to the above equation.

on cI tie extinction coeiiicient

sressure range 0.2 to 130 kgm/cm®
@ Zunctional form cobtained from

£0C 2. On the strength of the

a were extended to the lower

pressure dependency is accepted

low pressure for the entir

~ T~ -
;;DDCL

tion coefficients ac
encountered in the atmosphere,

7 the experimental data with the

form of pressure dependency.

ient of oxygen for the region

~

of oxygen thus obtained

[als

cienl

Fig. 6 with theat of

1 the absorption ccefficients
2 tvsing ozonized oxyzen and

L]
she usec

athed. However,

of the absorption coeifficient



of ozone in the Huggins banc
of ozone in her experime:nt.

Absorption coefficien.

to 2200 & were measured By
tsing a vacuum ultravioliac

zbsorption intensity shcwed

instead of the ozonized oxy,

t al.,

menters. Tanaka,

results of Vassy; and Ny anc

2020 & and 2135 & respeccive

the present data.

2200 & and about 40 percent

reported by Vassy. The

te explained by ordinary ex =

cue
etection as opposed to the
¢lectric detection.”

al.

— P

But Tanaka et

e

sure ozone in theilr

sresence of such chemiluminc

investigation of Tanaka et

.
nove

The ciifc

gisore

to their use of the ozon

hav

experiment.

[

[
[4))
'

5 Co measure the path length

s wl vzond in the ragion 1050

“:inaka, Inn, and Watanabe (1954)

. :chnicue. Their curve f{or the
- - 1 - O
: minimun at about 2015 .

. oy vaporizing liculd ozone
zn used bdy the earlier experi-
"the

remarked that

Cheong who measured down CoO

.y are scmewhat higher than

i
[

about 10 percer

ized oxygen and photogranhic

use of purer ozone and photo-~

¥

~

2 otserved chemiluminescence of
It is possible that th
of

scence pure ozone in the

.., may have been responsible

for somewhat smaller values I the absorption coefficients

ozone.

- £
A

As an extension to the measurements made by Tanaka

ct

1., Inn and Tanaka (1952 measured the ozone absorption



in the near ultraviolet fro. 20C0 to 3500 R and in the
visible reglon from 4000 t¢ 7000 n.’

Vigroux (1953) studic. the absorption of ozone in the
dartley, Huggins, and Crapr .is bands using photographic
shotometric metnod and czor.zed oxyzen. He also studied
the temperature dependency of the abvsorption coefficient
of ozone. However, his obscrvations do not extend to wave-
Lengths shorter than 2300 & in the Hartley bands.

Gast {(1960) has'tabulwte! the absorption coefficients
of ozone from 2000 to 3030 .. determined by_Inn énd Tanaka.
For the region 3000-350C & 2 has listed the absorption
coefficients measured by Vi:roux which he remarks are
"recommended” by inn anc Tanaka. Gast has presented che
absorption coefficients of czone at 18
applying the temperature correction given by Vigfqu) at
-44°C.  The value corresson.ing to -44°C is better suited to

calculate transmission ¢I soiar energy in the atmospherel-

U
w:
QO
H

)
(a3
H.
O
o}
(9]
O
®
Hh
th
‘_J
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et
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In the present study :ne a
ozone at wavelengths lonzer chan 2200 R are adapted ZIrom

es presented by Saso as shown in Fig. 7A. At

Pt

he tab

-~
Lot
Y

wavelengths shorter than 2200 i there is apparently a large
Cifference between the absozpticn coefficients obtained by
Tanaka et 'al., using pure ozone, and Vassy who used ozonized

oxygen.
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In this study the ab.ovpticn coeificlents oi Vassy
in the spectral region «JZi wo 22CC & have been acopted

after reducing them by 10 purcent to be consistent with

Hy

- . ~ Q .~ b :
the measurements of Inn 2t ol., at 2200 A. The absorption

¢t

.
curve 'thus concstructed

is then extrapolated to agree with that of Tanaka ‘er al.,
at 1800 & as shown ih Fig. 3.

Temperature and densi.y distributions for the solstices
are taken from Murgatroyd (1957) as a function of altituce
and latitude. The value of the temperature and density
below 16 km, the lowest levul given by Murgatroyd, are

56) .

N
Pt
~y

obtained from the investige!ions of London et al.,
The reaction rate cociificients K, and K; are adopted

from Campbell and Nudelman'. (1%8() least square analysis

!

1935) data on thermal decom-

v
N
[
9

of Glissmann and Schumacher
sosition of ozone in the tcuperature range from 70—llO?C.
According to Campbell ard M.delman, the functional form_of
{z and K; is given by

49 x 10°/T cm®gm mol ®sec™ 7

v

[

K = 1.87 x 10'* Exp

L1323 x 10%°/T cmPgm mol-‘*sec™?

Il
wn
_L\
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"
-
O
1%
&)
o]
»
~J
{
{0

Ka

- A2

- 2 o~ -~ - O ~ o~
Ldelo OL Lil DLW wuc

m

S

[
[(}

(g}
1l1

in Fig. 8 with that obteined by Eucken and Patat (1936) in
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ctheir study on the tempuratile cependence of the pnhotochemical
formation of ozone. Thac 1o aritnhn ol the ratio Ky /Kiz, when
plotted againstc 1/T, whare T is the Cemperature in Ok, gives

a straight line as shown in Fig. &.

B. Method of obteini~iz the meridional distiibution
of ozcne when Lrarsndri nrotéesses are presenc

Solution of equaticn (33) Zives us the meridional
distribution of y and hence of czone. To solve (33) thé
following numerical proceduve 1: adopted.

The meridional plene [vom necie to pole and between,
41 km to the height of the tropcpause 1s divided into a
2rid, the gridpoints in whicn are spaced 10° of latitude
apart horizontally, and 2 ki apert vertically as shown in
fig. 9. The boundary at 41 bm representing the layer 42
20 40 km is chosen for the rcascn cthat ozone is reascnably
andisturbed from its photochimical equilibrium at and above
tails level.
The boundary conditions used to solve (33) are:

(1) The.flux of ozone through the wvertical
boundaries at the poles 1s zero.

(2) Photochemical cquilibrium is assumed at 41 km,
the upper boundary. However, during the polar night
in the winter hemisphere, 1L 1s aQS'"Sd that fror
60° to the pole the photochemicai eduilibrium is

constant at 41 km.



(3) On the.lower LOUnGary at the tropopause
level, the value o:f ..z ozone concentration is
specified from the "observed" model of the meri-
dional distribution o. ozoae given by Paetzold

and Piscalar (1961).

‘The boundary condicion (1) is purely a mathematical
constraint and does not cal. for gny knowledge of the
distribution of ozone along che verticals at the poles.
The boundary condition'(Q) cooc
Justified from consideratiors ci the photochemical theory,
whiie the boundery condicic:. (3, ilacks the rigor of the
preceding two conditions, a:i hence is subject to question.

further discussion of the bcundary condition (3) is preseanted

in the results. : ,
The ccmplete form of - uatlon (33), after exvansion of
3y : :
t term [£* to L
he term [at]a’ is seen
2£, ___(My)? Gr Ta% - My 3y | = Bv
- — 4 2f R R “\J_(V.,\-_—_f_w.\.;.
M (Na* + My) =M LR MY 3y oz
2% aky 3%, g, &0 T, o 1ay
I vy TN, 2o Ao AN
: K L BhY I L. L EaZ O = 2 O =
+ &y oy T By Ty * Kz ot oz 3z T X% N 32 B.z> 0

v, the ozone mixing ratio av each gridpoint, is calculated

implicitly from equation (34). Numerical integration of the




«.bove equation 1s perforned 2t cach zridpoint starting
. H
“rom 80° latitude in one henissherz at the upper boundary,;

and proceeding downward alo..; the vertical to the lower

boundary, and then recommencing at the upper boundary at
0

<O -

the next latitude, and so o.. until latitude in the
other hemisphere is reachcd
The parameters f, and I, at each gridpoint depend on

the solar energy reachinz t...t ©oint. However solay energ
[ Iy (]

transmitted to any given hel :hit in the atmosohere is a
[=3 "2 L

function of the zenith angle¢ of the sun. In order to simplify

the calculations it is assw :d that cthe sun radiates at a
mean zenith angle [i.e., % .:eaitch angle at sun rise +

5 P 7 .- R P ; s - P 3
zenith angle at noon)] corr.:sponding to the given _atitude
and season. Further, tc taike into account the variation of

the length of day, £, anc f.

N

a
by the ratio, (da&light nours/2% hours), corresponding to
each glven latitude and season.

The finite difference scheme adoptea here LO bOlVG

erence approximation to the

)_L

(34) involves the central dif
second orcder space derivatives. For the first order space
cerivatives arising from advective terms, the Lelevier
{Richtmyer, 1957) method of aposroximation is used. The
casic idea behind Lelevier's methed is to get the advection

Irom the windward 51de of the gridpoint using non-centered

cifferences.

at each gridpoint are multiplied



The finite difference approximations to the various
cerms in (34) are writtea bolow with the help of Fig. 10.

All of the parametzrs. ¥, ¥, v, w, Ky, and K;, are
subscripted with the numder: 1, Z, 3, or 4 denoting the value
of the parameter at the resnzctive gridpoints in Fig. 10.

The value of any of these purameters denoted without a
subscript refers to &he cencral point.

Further,we denote the aorizontal velocity v as positive
in the y direction pointingz to tne north. Similarly, the

sign of the vertical veloccitir w 1s taken positive when directec

[N ;N\ N
~ Y = Y. ) ]
= —.V :\\7 3 (V >O> é
LTy |
— ;T "} /=
-V 5—.7— \oJ)
' ~  _ DR \ . '
= % i , (v <0) g
= - oW T T Lo, W > 0y
LM Az :
.58 ;
BAGES M = X)
= - W IO -(L '\) bl (‘\7 < O)
20 A s
(36)
.. M o+ M. Moo= M, . .
The coefficients ——2—\7‘—— and ‘-‘-7\-‘—‘-1- in (36) arise due

to the variation of density alonz z.



o 250 T gy Xe F % - Zx A
Ky Sy - 1\y 7_'\—;'; '
> (37)
3Ky 3Y =~ (Kys = Xy (%= = 3.)
oy oy (28y) . (28y)
3% =~ D Xe % - 2y o
Kz S22 Kz (i i

N/

3z oz (20z) (24z)

(38)
v, L3 3X o Lo My (X = Xa) -
Kz 11 32 3z = X2 =+ 757 ,

With the finite diffc-ence approximations (35) to

~
Aive

(=

(38) we can transform ecuat:on (34) into an equation for

¥ at the central gridpoint.

2t X (Rys - Kys) (Ko = Xo)

o~ My
{2f, Cp [NaX - M- 2 * )
(‘-‘-Y> ZAy ’ 2L‘y

y
; b+ Ry =~
M NaE + My~ o Y

>
il

ke X+ Xa . (Kzy - &z5) (X = Xg)

+
(4z)*" 24z 20z
| (39)
+ Kz [h_- Maj (%, - %) 4w Xe 4oy (M Maq Xe)
' Mbz 1oz by . 2M " Bz
= f2f, _Mx v . w M+ M Kz Ky
" N37"‘ + MX + Ay T Az [ ZM . 1 + 2 EZ‘ +, 2 A=



Equation (39) is solved by successive approximations

o the value of ¥X. For exan:le, the First guess to ¥, let

. ’ R . r . o L
=$ say, 1s X . Tnen substititing X in the right-hand

. ‘ - - ’ - ¥ 1 7 -
side of (39), we calculate ¢ new value for ¥ denoted X .

17

Yow the new guess for X, nar:ly x'’’, 'is obtained from

7 7 ¢

i - _X____—%_X____ K
- | (40)

Successive approximat.ons to ¥ are made until the

"

criterion

1 - =—| < 0.02 -
4 (1)

is satisfied. After the cv.terion (&41) .is satisfied, the
Ozone concentration (M) at the center of'the layer is
obtained.

The boundary conditiciis (2) and (3) do not present
any problem since they zre specified to start with. But
the boundary'condition (1) has to be satisfied implicitly

I - ~
wiienever eg

uation(39) is being solved along the vercical

O
)

at 80
equation (29) with the concicion that, in any layer, ¥ at

800 latitude is equal to ¥ at the pole. -In other wouds,



= (27, Oz [Ne® il R 3 ¥e o 4 (Kya - Kys) (o = X))
M. OTNgw + Mx Ay? 258y 28y
bRz X1t Xs . (Rze - Rze) (X = Xa)
bz~ 20z 24z
+ Kz (M —M3> \\,«- ’,3) - VLZ--I-W[LI;{_ *I'-]:_:___; X
Dbz 2 oy M Az
Mx LN, el o Mg Kz Ky
{Zfa_V <+ Mx Ay iz VTUE I+ 25+ K?g}
(&2)
Equation (42) is eppitcabiz at 80°N latitude. A

similar equation for 80°3

~
stituting Ky % 1L~ for Ky E;g
hand side of (42)u 

After the entire fiel:

scanned by equations (39) a.i

the whole field is startecd

field is then iterated scve:

i
o

v or Oz¢ &t any point in
iterations do not differ
is, if the value of % is [y~

preceding iteration, and

Cc..x

by o

[y,

1 be casily obtained by sub-
n Cae numerator of the right-

20°s to 80°N has been

from 809S.

the convergence criterion reguires

craln
‘a1l cimes until the values of
whole field from two successlve
20-¢ than 1 percent. . .that
. at any given point from
5 Lrom the succeeding iteration,
< 0.01

(43)



To solve equation {39) and to obtain the steady
state distribution of ozoneé corrasponding to either the
Cime of solstices or equinoxes, W& co not have to Specify’
the.distribution of ozone in the interior of the field.
One may start-w;th,the protochemical equilibrium distri-
bution in the intérior of t.e field as the first guess.

It 1s observed that about 353 iterations of the entire
field are adequate to get a convergence level of less

than 1 percent stipulated b (4£3).

IV. General survey of the ".avestizations on the transport

nrocesses in the stiat wphere

To make an investizat.on ox the problem of seasonal

. . 1
= a o~ LaleYel -~ LY N Y.
C 13 négessary Lo Koo

2

variations of atmosp
about the large scale diffu.ive and advective phenomena.
Studies made on the transpo:t p:ocessés in the atmospnhere
have in general a tendency > emphasize one of the two
rajor transport phenomena: ..1fIusion or advection.
Theories constructéd‘on che oasis of elther one of these
CwO seem to bé capable of e:zlaining phenomena such as the
spread of radioactive debris in the stratosphere. An attempt
is made here to present an account of both of these schools
of thought.

Brewer (1949), from his frost point hygrometer

measurements of water vapor content in the lower stratosphere
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(D

over Great 3ritain, observe. & risic Zall of numidity mixing

ratio above the'ﬁropopause. The numidity mixing ratio at
a height of 1 km éboye tihie {ropopause was about one—ccnth
of its value at the tropopa.se. Tne frost points at 15 km
were as low as the lowesc cumperatures measured in the
upper troposphere near ctae oguator. - Thus he argued that
such extremely cry air'p:e;cnt ia the polar stratosphoxe
must have originated in che equacorial upper tropospacre.

~

3rewer explained the vertica: disctribution of water vapor

(«
r|

in the lower polar stratospazre as a result of upw
diffusion o water vapor o3 .2sec DYy a slow sinking oI very
dry air from above. A raeverse current from the tz coposphere
into the stratosphere in th: equacorial region was po‘*ﬂl 2ted
to balance such a slow sinc.ag O:X zir in the higher latitudes
from the stratosphere 1nco tae troposphere.

Brewer estimated fzom the ooserved vertical profiles
of water vapor distribucion a value of 1.8 x 107°% to
5 x 107%cm™* for the ratio w/K,, where w(cm/sec) is the
velocity of the sinking wmctlon, and K, (cm®/sec) is the
vertical eddy diffusion coeificient, in the lower strato-

sphere. He also suggested vaat the ceffect of horizontal:

advection could be only one-Zenth of sinking These ideas
cf Brewer were accepted oy soson {(1958) to exglain the

asonal distribution of ozcne in the atmosphere. The
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circulation mocel thus came to te know as the "Dobson-~

Jrewer"”" wodel.

The most iméortant factor, namely the nature éf the
vertical distribution of waier vapcr in the stratospnere,
which led Brewer to postula:e his model of the organized

, ‘
circulation in the'strat3501ere, cces not appear to be a
iseneral characteristic o the stratosphere on the whole
slobe. The water vapor miﬁung ratio is observed sometimes
o increase with height in .ae stratosphere (Mastenbrook

G62).

=

Murgatroyd and Single on (1956l), neglecting the
influence of large scale <l Zusion, have made & calculation
of meridional circulaticn suiiicient to transport heat
between radiational scurces =nd $inks in the stratosphere
(15~55 km) end mesosphera (.3-2C km). Combining suitably
the radiative heating ve.us. of Chring (1958) and Murgatroyd
and Goody (19538), and mcdifving slightly the combined
radiative field to get & sc_uiticn, they computed the meridional
circulation. The radiative 2leating and the atmospheric
temperature needed as a funciion of time in their computa-
:io#s Qere‘obtained with an implicit assumption that thesc
twoquantities are in phase wit

The-circulation model chus obtained has a rising

wotion of air below 30 km over the tropical latitudes, with
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Broadly speaking, the circulation model of Murg
and Singleton suggests risi .z wctic in the tropical lati-
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hemisphere at higher lati
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From the earlier discussion in Section IV on the
transport processes--namely., larze scale diffusion and mean
uveridional motions--it is nu: easy to arrive at a compre-
nensive unified picture oi these transport processes. A
computation of such a unificd model of the transport
processes that includes both diffusion and mean meridional
motions 1s beyond the écope of this work. Instead, an
- attempt is.made in this study to combine the mean meridional
motions depicted by Murgatrnyd.énd Singleton and the dif-
fusion model of Spar with the help of investigations made
oy Newell in which an evaluction of cthe relative importance
0of each one of these transport processes 1s made.

The large scale diffusibn model of Spar for the strato-
sphere suggests tﬁat the vertical eddy diffusion coelficient
increases from a low value of 4 x 10°cm®/sec in the tropics
to 2 x 10%*cm®/sec at the polar latitudes. The variation of
the horizontal eddy diffusion ccefficient with latitude
could not be so regdily ascertained. Hence the variatiocon
of the horizontal .eddy diffusion coefficient has to be
clicited from an experimentation with the calculations on
zhe model of the meridional diétribﬁtion of ozone.

The experimentation on the meridional distribution of

vzone under steady state condition for the equinoxes is . _

first undertaken.



From a few trial calculations with a constant value
of 2 x 10° cm®/sec for the -~orizontal eddy diffusion
coefficient, a rapid increc:e in the value of K,, the

vertical eddy diffusion coeificient from tropical latitude

to the polar latitudes as s-own in Table 1, is chosen.

Table 1. Variation of X, with latitude for the eguinoxes.
Lat?® . . 0 10 20, 30 40 50 60 .70 80 90
Xy 10%*-cm®/sec 0.4 0.4 ¢.6° C.5 1.4 -2 z 2 2 2

From similar experimentation an optimum value of
about 20 percent of the Murgatroyd end Singleton circulation
(comprising the meridional and vertical velocities) for the
equinoxes 1s arrived at. Apparently this estimate of the
mean meridional circuiation, in a broad sense, 1s in agree-
ment with the.estimate of tie mean meridional motion

et al., (1961) from their investiga-
. . - . 185 .
cion on the rate at which the hals width of the W cloud

arrived at by Friend,

increased in the north-sout.: direction. Newell's (1961)
2stimate of the mean meridional motion also seems to .

support this evaluation of che Murgatroyd and Singleton

. '

\
[
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or the equinoxes as explained in I1I-B, with the above

Hh

scheme of transport processes, is shown‘in Fig. 1l4.

The concentration of ozone on the Eropopausc, the
lower boundary of the model, is specified with the ‘help of
the "observed" distribution of Paetzold, et-al., (Fig. &)
for spring and autuhn. ‘

The.computed'model thus obtained for thé equiﬁoxes
still shows -the ozone high produced by solar radiation

over the tropical latitudes. However, there is a reasonably

zood lateral spread of ozone that is best illustrated in

)AJ

7ig. 15B in which the latit.dinal variation of total
ozone calculated for the equinoxes is plottéd. The total
ozone obtalned from the photochemical equlllbrlum calcula-
sion for equinoxes is shown in Fig. 15A for comparison.
| From the scheme of the traa sport processes use d to
calculate this (FiO.,lé) distribution of ozone> it 1s
obvious that the diffusion pattern 1s symmetrical about the
equator. There is; however, asymmetry of circulation present
between the spring and autuma hemlspheres. Such superficial
argument cannot be carried further to conclude that the
Giff rence'between the distribution of ozone between spring
and autumn is due entirely t©o the difference in circulation
ity. Such a conclusicn is misleading. The large

scale diffusion protesses ir. the vertical and horizontal



ilrections interact in a ncnlinear fashion with the mcan
mericdional circulation. It is more justified to infex
that the difference between the latitudinal distribution of
ozone in spring and autumn .s a result of the mutual inter-
action of the circulation and diffusion phenomena.

The increase of total ozone with‘latitude shown in
Fig. 15B is inadequate to explain the total ozone increase
with latitude portrayed by i.ondon (1962) for spring and
autumn. This immediately l:ads one to an examination of
the horizontal eddy diffusics coefficient. Spar's investi-
gations show that the horizonatal eddy diffusion coeffidient
has a large range of values. Therefore further experimen-
tation on the meridional dis:ribution of ozone has been
cdone, increasing the horizo:i:al ecdy diffusion coefficient’
from tropical latitudes to .olar latitudes. Eventualily a
variation of Ky somewhat an: .cgcus to the variation of Ky

with latitude has been founc suicable. The variation of

Ky thus arrived at is shown in Table 2.

Table 2. Variation of K, wizh latitude for the equinoxes.

- Lat® | 0 10 20 30 .40 50 60 70 - 80
<y 10*°-cm®/sec 0.2 0.2 C.4 0.6 0.8 1.0 1.0 '1.0 1.0




ozone,calculated with

>

Fy

The meridional distributioa o
such a variation of Ky alon: witih the model of the K; and
mean meridional motion used in tae preceding computation,
is shown in Fig. 16. fhe variation of the total ozone with
iatitude given by this distribution is plotted in Fig. 17.

The increase of total ozone from tropical latitudes
to the polar latitudes saow: in Fig. 17 is in better agree-
ment with that of London's curves for spring and autumn.

On the basis of reasonable .zrecenent between the observed
total ozone curves and tae .cmpuled ones, it is felt that,
in order to explain the spr.ag build;up of ozone at higher
latitudes by the steady sta:z apporoach, increase of the
horizontal eddy diffusion coafficient from tropical lati-
tudas to polar latitucdes is ~ecessary.

After having studiec .2 decail the behavior of the
various transporting mechan 3ms ifor the spring and autumn .
seasons, it 1s straightforwurd to proceed to the summér
and winter seasons. Furthe:more, the qughtitative mocel
of the transport mechanisms Zeveloped to explaih;the‘distri-
bution of ozone for spring «ad auﬁumn'méy now be‘cﬁecked
in the computation of the scaady staté‘distfibution of

\

ozone for summer and winter. B .

t al., (1961)

— —

From the observations wmade by Friend,

185

on the W cloud ‘it is app:..rent that the center of the

cloud has a tendenéy to movie with the sun. This interest-

.
v . : . . '



ing detail suggesﬁé a shift >f the whole pattérn of the

diffusion field along with the.sun. - In other words, the

hemisphere tilted toward the sun has a comparatively weak

pattern of diffusion, while the hemisphere tilted away

from the sun has a correspordingly more intense mixing. ‘Such

an ideé seems to be quite coasistent with the relatively

stable lapse rates of temperature in the summer stratosphere

and comparatively less stable lapse rates and polér night

jet streém (Hare, 1960) in tée winter Stfatdsphere. '
The above ideas have be2en suitably used to adjust

the diffusion pattern for the summer and winter hemispheres

as shown in Table 3.

Table 3. Variation of K, ar.. ¥y with latitude for the solstices
Sunmer )
Lat® 10 20 306 &0 50 60 70 80 90

<, -10* cm®/sec 0.4 0.4 0.4 C.6 0.9 1.4 2.0 2.0 2.0
<, -10*%m?/sec 0.2 0.2 0.2 0.4 0.6 0.8 1.0 1.0 1.0

Lat® 0 10 20 30 40 50 60 70 80

90
X, -10% cm®/sec 0.6 0.9 1.4 2.0 2.0.2.0 2.0 2.0 2.0 2.0
2, +10%%m?/sce 0.4 0.6 0.& 1.0 1.0-1.0 1.0. 1.0 1.0 1.0
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)
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With the pattern oI vertical and horizontal eddy

J

.
[

1
-

¢iffusion shown in Table 3, and with 20 percent of Murgatroyd
and Singleton's mean meridicaal circulation for‘the-solséices,
& steady state distribution of ozone 1s calculated as
cxplained in III-B.

The boundary 'condition on tne tropopause is again
specified from the Paetzold 2t al., model. If is tacitly
assumed here that the concentration of ozone on the tropo-
pause in winter is similar to that in spring, and in
summer is similar to that in autumn. Such as assumption may
not be unreasonable if one considers the latitudinal -
distribution of total ozone during these seasons. Inciden-
tally, this assumption provides a good ground to test the
influence of the lower boundary condition on the distribu-
tion of ozone in the interior of the field of computation.

The distribution of ozune resulting under steady
state condition for solscticcs calculated with the above
boundary condition on the trupopause 1s shown in Fig. 18.
The variation of total ozone wita latitude computéd for the
corresponding seasons 1s ploited in Fig. 18.

The Latitudinal‘increase oL total ozone for winter and
summer shown in Fi;. 18 revezls some significant departures

“rom the corresponding curves of London (1962). The solar.

-adiation incident normally at 23.5° latitude on the summer



hemisphere in the computed :r.odel has apparently contributed

the total ozone in the

o

t

to comparatively larger vali.:s o
tropical latitudes. In the winter hemisphere the total

ozone from the computed model in the tropical latitudes

P

seems to be appreciably sma.ler than that given by London's
curve. The relatively largi: total amounts of ozone in

summer and smaller amounts i winter in the tropical latitudes
shown by London's curves, lpgds a gqualitative support to

the computed results. London's curves sﬁow a maximum
difference of about 30 D.U. between the summer and winter

at the_equatof with a mean total ozone of abdut 250 D.U.

The computed total ozone curves show a maximum difﬁerence of
zbout 48 D.U. at about 25° Zatitude with-a mean t&tal ozone

of about 258 D.U.

Although the total ozcne variation with latitude com-
puted for the four seasons shown in Fig. 17 qualitatively
zgrees with the observed curves (London's), there is cbnsider-
able’disagreement between the two. The total ozone computed
or spring and winter is still short of the observed increase
>f ozone for those seasons. On the other hand; the calcu-
Lated totél ozone for summer and autumn is considerably larger
chan that suggested by thg‘observed values. The~difference
>etween the winter and summer total ozoﬁe'from the'égsefved
values, at higher latitudes, is almost doubielthat.obtained

rom the computations.: S

.




The seasonal variatic: of ozone in this study is
computed with an assumption oi steacy state conditions.
Such an assumption may not be justified for each season,
out should be valid for the mean annual ozone distribution
with latitude. The mean annual total ozone distribucibn is
obtained from the computed cotal ozone curves for the four
seasons as shown in Fig. 19. The wmean annual total ozone
distribution constructed in this fashion'is in reasonable
agreement with that of the observed total ozoné curves
(London 1962). -

Until now the discuss.on cn the computed meridional
distributions oi ozone has oecen based on the total ozoné

variation with latitude. Th2 eawphasis laid on. the total

~
1

ozéne rather than the detai.s of its'distrioﬁcion in the
meridional plane is mainly cae to the fact that the total
ozone 1is the only parameter of atmospheric ozone known with
a good degree of - accuracy.

In general, all of the computed models of the neri-
dional distribution of ozone do not quite resemble the
“"observed" models.,?Eéch one of the computed models clearly
shows three ozone highs. Orne of. these ozone highs 1is
evidently pfoduced by the solar radiation and is in the
tropical stratoéphére centered around 30 km height. The

other two ozone highs are a result of the transport processes,



and their centers are locat:d avound 18 km height at :che

here Il -
1eres. ils center

poles in spring, autumn anc winters hemlsp
is around 20 km height at the summer pole.

The "observed" modecls of tae meridional distribution
of ozone do not indicate the existence of an ozone hlw% in
the tropical stratosphere. The ozone high close to the
nole is present only in the model of Paetzold inftheqspring
hemisphere. |

In the computed models at higher léti;udes, large -
horizontal and vertical gradients cf ozone are‘Dresenu close
to the tropopause during spring, autumn, and winter, while
duriﬁg summer a rather.weaa gradient is developed. The
distribution of ozone in tnoe luw°r stratosphere during
summer i1s thus considerably éifferent from the other three
seasons. This 1s primarily « consequencé'oﬁ the weak
diffusion ﬁattern aﬁd the r.sing air motions present over
Large portions of the stratssphere in the summer'hemisphere.

The "observed" models suggest the. presence of strong
herizontal and vertical gradients of ozone in the lower
stratosphere at high iaticudes during spring and probably
during late winter.

The zone of ozone max.mum, formed by the three ozone
highs in both the équinoctigl and the solsticial models of
the steady'stafe distribution of‘ozoné calculated in this

study, slopes down steeply Irom the subsolar point to the

4



s0les. The "observed" modcls apparently do no:t indicate
i
such a steen slope for the zone of ozone maximum.

From the above brief discussion of the meridional
distribution of ozone, it miy be remarked that the computéd
models differ from the "obscrved' models in many details,
put the general patterns in ooth the computed and the
"observed" models are simil.r. Until our knowledge of the

- "observed" distribution of ozone in the atmosphere 1is

better than it is at present, it will not be possible to

judge quantitatively the decvalils of the computed models.
~To test the;influence of the lower boundary condition

on the computed distributilon of ozone in the interior of

®

the field, a calculation of cthe ozone distribution for the

Hh

solstices is made with radically different boundary’ condi-
tion oﬁ the tropopause. 1In the computed distribution shown
in Fig. 18vﬁhe lower boundary coadition has’ been taken to
be exactly the same as that used for spring and autumn.

Now in order to test the significance of the lower boun&ary
condition, the distribution of ozone on the‘fropopause for
winter is taken to be half that of spring, and for summer,

twice that cf autumn. Such an alteration of the boundary

(@)

condition, however, is done rom 40_ latitude to the pole

~m Y Ay Ml an LS
S hb e e b bd N 5‘\—~lli-k)yhl\—d- e aS &JLA\I .



Table 4. Mo

dified value of :the ozone concentration
(10~*molecules/cr’ ) at the tropopause in winter
ard summer.
0 ' - .
Lat 0 10 20 30 40 50 60 - 70 80 90

Winter 0.54 0.54 0.67 1.08 1.41 1.34 1.48 1.75 2.00 2.00
Summer 0.54 0.54 0.5& 0.34 0.08 1.08 "2.16 2.64 3.20 3.20

In order to bring to ixght the significance of the
lower boundary condition, the total ozone variation with
latitude corresponding to the two sets of lower boundary

Ry

G. Be ides

3

0,

in Fi

oQ
[

o
J Y Gl

condition for solstices 1is pnres

-

this,in Fig. 21 the verticai dis f ozone, taken

(@]

cioir”

Lg‘
r.

Jare

cr

from the meridional distributions of ozqne‘compuﬁed with
- these two diﬁferent bQundary conditions at 60° latitude
in the winter and sﬁmmer hemispheres,is presented.

From Fig. 21 it may be observed that changing‘the lower
coundary condition does not aflect the ozone distribution
above about 20 km. .- The influence of the boundary value

4

rapidly decreases with height. CnanOing the bbundary value
by a factor of 2 has altered the total ozone'by about & per-
cent. This comoaratively small change is obviousl y due to

che effect of the transport processes that strongly control

Zhe distribution'of ozone within the interior of the field.
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B. Limitations of the study

The study of the mericdional distribution of ozone
made in this investigation :3 purely a numerical experi-
cent.

In this study the absorption coefficient of ozone in
the spectral interval 2200 to 2020 2 is adopted, with sgit—
zble modification,Afrom Vassv's (1941) photographic photo-
metric measurements. If, however, the absorption coefficient
of ozone, in.the same spectral intervél, reported by Tanaka
et al., (1954) is used, one would get much larger photo-

chemical productlon of czonc, especially at tropical lati-

tudes. Then in order to rec such large amounts of

(ﬁ’

ozone produced at the tropical latitudes to the amounts

3
hl -

observed,vit is necessary tc use rising motions in the
tropical stratosphere of about the same magnituderas shown
on Murgatroyd and Slncch01 5 {(1961) model. So the present
~study in which Vassy's absorption cobfflclent of, ozone is
used cannot unequlvocally p.ace the stratospheric,mgridional
circulation at 20 percent oI that of Murgatfoyd and:
Singleton.

Tbe calculatlon of the meridional dlstrloutloﬁ of ’

I

szone for dlfferent seasons has been made as ChouOh the

f

rean seasonal transoort processes and the mean solar'insola-

tion for the season tena to produce a qua31 statlonary pattern

"



of ozone. Such an assumpticn caa make the results obtained

¢ -

in this study not applicablc in toto to the real atmosphere
, ;
in which both the solar insolation and transport processes
are varying with time.v The seasonal variations of ozone
computed in this study are cspeclally subject to such a
timitation. The mean anaua. total ozone diétribution is
probably the least affected juaniity obtained in this
investigation with the stea.y state assumption.

A more satisfactory stucdy of atmdspheric ozone would
be that in which one does not have to-invoke the quasi-
stationary seasonal distrib::ion of ozone. Such a study
would call for an“apﬁroach co tihis problem as an initial
value problem. This iﬁplies that one should have a detailed
and reliable initial distribuatioa of ozone, and also good
quantitative information on :che seasonal variation of large
scale transport processes in the atmosphere. In view of
the lack of this detailed information demanded by the
ini#iai value problem, the preseat study has been @ade}by
taking a less satisfactory it more simple approach. Hence
caution must be exercised ir interpretiﬁg the resuits
obtained from this stﬁdy wita a steady étaté assumption.
The present‘inVestigation can be no more thén-a.starting
point to more sophisticated andvrealistic‘fﬁture studies
of the atmospheric.pzone.  The satisfactory manner in which

« , . N

"



the present 1avest10aolon has accounted for the observed"
otal ozone in the atmosphere caa at best be only a crude
but guantitative demonstration oL ilhe lmportance of the
cransport processes in'dist::buting ozone in the atmosphere.
The models of the cranspor: processes used in this
investigation lack rigorous dynanical basis. The efforts
nade to synthesize the advec:ive and diffusive filelds in
the atmosphere are purely from the point of view of explain-
ing the seasonal variation of the atmospheric ozone. The
ability of such a scheme of transport proCesSes to explailn

. ' . . " 185 . .
the seasonal variation of temperature or W in the strato-

sphere is still quostionable. The only justification that
can be attributedato this screme of transport processes.
s that it is within reasona-le limits laid by the current
~heoretical and obsarvational firdings.

The variations of oczone 1n the east-west direction
#Ye by no means negligible. The 1nvesc10atlons’0f the °

variation of total ozone by 3idner (1958) , over Western‘

Europe strongly suggest such zonal variations. The assump-

Y
‘

tion of zonal symmetry of ozone made in this study is a

very broad assumption.’
The heiOht of the tropopause is assumed to vary

mootniy from troplcal latltudes to thher latitudes. On

the contrary, the observed shape of the tropopause shows'

'
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a2 discontinuity between the tropical and middle latitudes.

Srewer (1960) and Friend, et ai., (1961) have discussed at

length the important parc played by cthis break in the
tropopause and the jet stream present ét this break in‘the
exchange of ozone and nuclec:r debdris, respectively, between
the troposphere and stratosphere. With the information
available at present, it docs not seem possible to introducé
such features on a quantitative basis in this stﬁdy.

The influence of the large scale fLuctuating vertical
velocities in thé early spring, which produce explosive
warming and a large rise of ozone (Godson 1960),has not
been included in this study. Also the meridional transport
due to the meandering waves :na vertical mo;ioﬁs associated
vith the jet stream presenc in the polar night (Hare 1960)

aas not been quantitatively incorporated.

vI. Summary and‘Canlusions
In the light of the ncs daca on solar radiation and

other parameters necessary Ior photochemicai calculations,

1 computation of the mericdic-al dis ributioh of photochemical

zquilibrium of.oiOne for solstices and equinoxes is made.

It is found,in agreement with ideas of thé‘egrlier_investi-

zators, that the ththhemical theory by itself cannot

2Xplain the latitudinal and seasonal variation of ozone.
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To study the part played by traﬁSport'processes in
the stratosphere, the necessary equation which includes
the combined effects of pho.occhenical and tranéport processes
has been developed-for stealy state conditions. With such
an equation and using a schoume of transport. process that
1s within reasonable agreement with the current ideas on
transport processes in the stratosphere, meridional distri-
bution of ozohe produced un.er steaay sﬁéte conditions are
calculated for equinoxes and solstices. The seasonal and
latitudinal variation of total ozone thus obtained is in
qualitative agreement with che observed variations of total
ozone in the atmosphere shown by the investigations of
London (1962).

Considering the limitations ot this study,. it 1is hard
to say thét éll the problems concerning ﬁbe_behangr of .
ozone in the atmosphere have been answered guaﬁtitatively.
But. it may be remarked that the technique develdped in
this investigation i§ potentially good for studying the
problem of atmospheric ozoﬁeQ ‘It is hoped thaﬁ such a
quasirstationarylappfdach wo&id put the p:obiem of oéone,

at least as a first step, on a quantitatiVely.understandable

level.
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(Flg. 14)



CUOTARINDATO TRUOTPT IO

ueauw (T961) s,uor0Thutg pur ploxjebHiny

JOo 90z pue ‘'opnlriRT YItM HuTsesIouT

(t @21qeLn) “M uyatm soxoutubs ay3l 03 pojindwuod

(w{/*n*@) 2uozo FO UOTINUTIFSTP O3els Aprojg ‘9T *Hb14d
] :E:.:< . Butidsg
107
o
08 - 09 oy -0 0 ot oy 09 08
T T T T i (. T = T

4

9

0¢

R4

8¢

(A

9¢

w



i e i e e Py - - T —— e T N v —

400 [

&}
i
o

00

o
G
O

Fig. 17.  Computed seasonal and'lat;tudinal variation of
‘ total ozone corresponding to Figs. 16 and 18.
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Influence of the boundary condition at the
tropopause on the computed total ozone.
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